Lys complex, we used psoralen to induce RNA-RNA crosslinking. A defined intermolecular crosslinked complex was obtained. The crosslinked regions were characterized by RNase T1 digestion followed by bi-dimensional gel electrophoresis. The crosslinked residues (nucleotide mcm 5 S 2 U34 and U35 in the anticodon loop of tRNA 3 Lys and UCU154 in the viral RNA upstream of the PBS) were mapped using a retardation method coupled with random hydrolysis. The formation of this crosslink depends on the same elements that are required for the formation of the extended interactions between primer and template RNAs, i.e., the modified bases of the tRNA and a conserved A-rich loop located upstream of the PBS in the genomic RNA. Therefore, the present crosslinking data provide relevant information on the topology of the template/primer binary complex.
INTRODUCTION
HIV-1 particles contain two homologous genomic RNAs and a variety of cellular RNAs. The majority of incorporated cellular RNAs are tRNAs, among which 60% are the three tRNA Lys isoacceptors (1) . Only one isoacceptor, tRNA 3 Lys , is used as primer for RNA-dependent DNA synthesis (2) (3) (4) . The 18 3′-terminal nucleotides of this tRNA are strictly complementary to the primer binding site (PBS) of HIV-1 RNA. Moreover, several works suggested the existence of additional interactions between genomic RNA and primer tRNAs, outside of the canonical PBS-tRNA interactions, in different retroviruses (5) (6) (7) (8) (9) (10) (11) . First, it was proposed that the TψC loop of the primer tRNA Trp interacts with a sequence located upstream of the PBS in Rous sarcoma virus RNA (5). These additional interactions were shown to be required for efficient initiation of reverse transcription (7) (8) . Similar interactions were proposed for several type C and D retroviruses, which utilize another tRNA primer (7) .
Recently, extended interactions between viral RNA and its primer tRNA were also observed in the case of HIV-1 (9) (10) (11) . A loop-loop interaction was evidenced by Isel et al. (10) between the anticodon loop of tRNA 3 Lys and an A-rich loop located upstream of the PBS in the genomic RNA. Comparative sequence analysis showed that this interaction is possible in all HIV-1 isolates and may also take place in HIV-2 and simian immunodeficiency viruses (10) (11) . The 5-methoxycarbonylmethyl-2-thiouridine (mcm 5 s 2 U or S-base) at position 34 of the tRNA is involved in the stabilization of this interaction (10) . A detailed secondary structure model of the binary complex between tRNA 3 Lys and the PBS region of HIV-1 RNA, based on structure probing and comparative sequence analysis was proposed in our laboratory (11) . According to this model, the variable loop and the 3′ strand of the anticodon stem of tRNA 3 Lys also interact with regions of the genomic RNA. Moreover, important rearrangements are observed in the two molecules. It appears that the templateprimer complex adopts an unexpectedly complex three-dimensional structure, depending on the post-transcriptional modifications of the primer tRNA, that facilitates the transition from the initiation stage of reverse transcriptase to the elongation stage (12) .
The introduction of RNA-RNA crosslinks is a way to provide direct information on regions located in close proximity in the two interacting RNA molecules. Psoralens are tricyclic furocumarins which photoreact with double-stranded nucleic acids to form cyclobutane adducts with pyrimidine bases. Irradiation of nucleic acids in the presence of psoralen with long wave UV (365 nm) results in the formation of mono-and di-adducts in which two segments of nucleic acid are covalently joined through a psoralen molecule (13) . The monoadducts and crosslinks can be photoreversed by irradiation with short wave UV light (254 nm). This approach was extensively used for the study of RNA and DNA interactions in vivo and in vitro (13) (14) (15) (16) (17) (18) . In the present work, we used a psoralen derivative to induce in vitro crosslinks within the binary HIV-1 RNA/tRNA 3 Lys complex. Binary complexes * To whom correspondence should be addressed involving either a tRNA 3 Lys transcript (utRNA 3 Lys ) or a mutant viral RNA fragment, that are both unable to form the extended primer-template interactions, were also subjected to the psoralen treatment. A defined intermolecular crosslink was obtained outside of the canonical PBS interaction, and the crosslinked residue was mapped on both molecules. This crosslink could only be obtained with the natural tRNA and the wild-type viral RNA. The present data provide further evidence for the formation of a highly structured core within the primer-template complex, which directly depends on interactions between the tRNA anticodon and HIV-1 RNA sequences upstream of the PBS region.
MATERIALS AND METHODS

Materials
4′-Aminomethyl-4,5′,8-trimethylpsoralen (AMT psoralen) was from HRI Associates, Inc (USA). Placental RNase inhibitor (RNasin) was from Promega Biotec (USA). Reverse transcriptase from avian myeloblastosis virus (AMV) was from Life Sciences (USA). Snake venom phosphodiesterase (VPD) was from Worthington (USA). T4 RNA ligase, RNases T1, T2, U2, Phy M and from B.cereus were from Pharmacia LKB Biotechnologies (Sweden). T4 polynucleotide kinase and bacterial alkaline phosphatase (BAP) were from USB (USA). [ 32 P]pCp (3000 Ci/mmol) and [γ-32 P]ATP (5000 Ci/mmol) were from Amersham (France). tRNA nucleotidyltransferase was prepared from baker's yeast according to the procedure of Rether et al. (19) . T7 RNA polymerase was purified from the overproducing strain BL21/pAR1219, kindly supplied to us by F. W. Studier (Upton, NY, USA). Acrylamide and N,N′-methyl bisacrylamide were from Roth (Germany).
Plasmid construction and preparation of RNAs
The plasmids used to synthesize viral RNAs corresponding to nucleotides 1-311 and 1-278 of HIV-1 (Mal isolate) are described in refs 20 and 21. Two plasmids in which nucleotides 162GUAAAA167 are replaced by CUAUG (pICA1) or by CUAUGA (pICA2) were constructed from plasmid pJCB (22) by inverse PCR. The construction of plasmid pICSN was in three steps. First, plasmid pJCB (22) was digested by HinfI in order to cleave the original T7 promoter. Secondly, PCR reaction was conducted on the digest with two appropriate oligonucleotides containing an EcoRI restriction site in front of the T7 RNA polymerase promoter and a XmaI restriction site respectively. The PCR fragment was cut by EcoRI-XmaI and inserted in the EcoRI-XmaI polylinker of pUC18. The resulting plasmid (pICSN) was linearized with SmaI before transcription and the synthesized RNA contains nucleotides 123-217 of HIV-1 Mal flanked by three additional Gs at its 5′ end and three additional Cs at its 3′ end.
Viral RNAs were synthesized and purified as previously described (20) . Natural tRNA 3 Lys from beef liver and the corresponding tRNA transcript (utRNA 3 Lys ) were prepared according to (10) . RNAs were labelled at their 5′ end according to the procedure described in (11) . For 3′-labelling, RNAs were first heated at 56_C for 4 min, then incubated with 150 µCi of 5′-[ 32 P]pCp and 18 U RNA ligase in 30 ml of 50 mM K-HEPES, pH 7.5, 20 mM MgCl 2 , 50 µM ATP, 10% dimethyl sulfoxide at 4_C for 16 h. 3′-labelling of tRNA 3 Lys was achieved by reconstitution of the 3′-terminal CCA with tRNA nucleotidyltransferase, after limited hydrolysis with VDP, as described in (10) . Annealing between viral RNA and tRNA was adapted from (10). The tRNA:viral RNA ratio was 1:3 (M/M) when labelled tRNA was used or 3:1 (M/M) for labelled viral RNA. RNAs were incubated in water for 2 min at 90_C, cooled on ice, and incubated for 20 min at 70_C in 50 mM Na cacodylate and 300 mM KCl. After hybridization samples were supplemented with 5 mM MgCl 2 , incubated for 15 min at 37_C and kept on ice.
Psoralen crosslinking and isolation of the viral RNA-tRNA crosslinked complex RNAs (0.4 µM) were incubated with AMT psoralen (10-50 µg/ml) for 15 min at 0_C. The samples were then spotted in drops (20 µl) on a sheet of parafilm placed on ice. Irradiation (110 µW/cm 2 ) was at a distance of 4-5 cm with a 366 nm UV light lamp (2 × 8 W, Sylvania, France) using a glass plate filter, according to Wassarman (17) . Modified RNAs were purified from the excess of psoralen by ethanol precipitation. The reactional mixture was heated in 6 M urea for 3 min at 70_C and fractionated by electrophoresis on 4% polyacrylamide (1:32 bis-)-6 M urea gel. Retarded products corresponding to the crosslinked viral RNAtRNA complexes were eluted from the gel for further analyses. The isolated crosslinked complex was incubated in water for 2 min at 90_C, cooled on ice, and incubated for 1 h at 70_C in 50 mM Na cacodylate and 300 mM KCl, and analyzed by electrophoresis on 5% polyacrylamide gels under non-denaturing conditions (45 mM Tris-borate buffer pH 8.3, 0.1 mM Mg acetate) at 4_C for comparison with a native non-crosslinked complex.
Identification of the crosslinked oligonucleotides
The isolated crosslinked complexes were digested with RNase T1 (200 U/ml) for 1 h at 50_C or for 10 min at 80_C. The mixture of RNase T1 products was submitted to 5′-labelling and fractionated by bi-dimentional electrophoresis as described by Wassarman (17) . This includes a first migration on 20% polyacrylamide (1:20 bis-)-8M urea gel (30 × 40 cm), an irradiation of the gel at 254 nm (to reverse the crosslink) and a second migration perpendicular to the first one. The spots migrating outside of the diagonal were eluted from the gel and sequenced with RNases T1 (G specific), U2 (A specific), Phy M (U+A specific) and B.cereus (C+U specific) according to Donis-Keller (23) .
Mapping of the crosslinked bases
Mapping of crosslinked nucleotides was achieved by submitting the isolated crosslinked complex, in which either viral RNA or tRNA is labelled, to statistical RNase hydrolysis in denaturing conditions (T1, T2 and U2) and alkaline hydrolysis. RNase hydrolysis was according to (24) and limited alkaline hydrolysis was in 50 mM sodium bicarbonate buffer (pH 8.9) at 95_C for 5 min. Samples were mixed with an equal volume of loading buffer containing 8 M urea and fractionated by electrophoresis on denaturing polyacrylamide gel (8% for labelled HIV-1 genomic fragments and 15% for labelled tRNA).
RESULTS
Specificity of crosslinking between tRNA 3
Lys and viral RNA
The crosslinked viral RNA/tRNA 3 Lys binary complex could be fractionated from non-crosslinked species by electrophoresis on polyacrylamide gel in denaturing conditions. One slow migrating band (X2) is reproducibly observed (at a yield ranging between 6 and 10%). when RNA 1-278 or 1-311 is hybridized to tRNA 3 Lys (Fig. 1, lanes 1 and 4) . A second retarded band (X1), migrating slower than X2, is also observed at a lower and variable amount. These bands are only observed when tRNA 3 Lys is hybridized to viral RNA (Fig. 1, lane 5) . Identical results were observed independently of which RNA (viral RNA or tRNA 3 Lys ) is labelled, indicating that X1 and X2 do contain both RNAs (results not shown). However, when the reaction mixture is heated in 90% formamide at 95_C for 3 min, prior to gel electrophoresis, band X1 totally disappears and the yield of X2 is slightly increased (results not shown). Therefore, we believe that X1 is an artefact probably produced during the heating/denaturation step preceding gel electrophoresis. A possible explanation is the hybridization of a second tRNA to the denatured viral RNA-tRNA crosslinked complex (i.e. through the PBS). Indeed, incubation of X2 with tRNA in the same conditions generates an X1-like product (data not shown). Therefore, in the following we will limit our investigations to X2. Otherwise, X2 was eluted from the gel and subjected to the same denaturation/renaturation procedure initially used to form the viral RNA-tRNA complex. The renatured X2 complex migrates as a control RNA-tRNA complex formed in the same conditions in native gel electrophoresis (Fig. 2) , suggesting that X2 is representative of the topology of the initial complex. Moreover, it is still competent in primer elongation with HIV-1 reverse transcriptase (result not shown). Lys complex X2 by gel electrophoresis in non-denaturing conditions. Uncrosslinked viral RNA/tRNA 3 Lys complex was formed as described in the Materials and Methods (but in the presence of an excess of the unlabelled RNA species), and the isolated X2 as well as the free RNA species were subjected to the same procedure. All samples were analyzed by gel electrophoresis under non-denaturing conditions: labelled tRNA 3 Lys (lane 1), uncrosslinked viral RNAtRNA 3 Lys complex containing labeled tRNA 3 Lys (lane 2), isolated X2 containing labelled viral RNA 1-278 (lane 3), uncrosslinked viral RNAtRNA 3 Lys complex containing labelled viral RNA 1-278 (lane 4) and labelled viral RNA 1-278 (lane 5).
Crosslinking requires the formation of the extended interactions
Since interactions between viral RNA and utRNA 3 Lys are known to be restricted to the PBS interaction (10), it was interesting to see if the same products are obtained when utRNA 3 Lys is substituted for the natural tRNA 3 Lys . In this case, a dramatic decrease of X2 is observed (Fig. 1, lane 2) . The presence of an X1-like band, which was not further investigated, should be noted. In the absence of heat-induced annealing of utRNA 3 Lys , no slow migrating products are observed, but two new intermediate bands appear (Fig. 1, lane 3) . The nature of these products, which only appear under these conditions, remains speculative.
Then, we used two mutants of viral RNA, in which nucleotides 162GUAAA167 in the loop located upstream of the PBS were replaced by either CUAUGA or CUAUG. Mutations in this loop are known to considerably reduce the formation of extended interactions outside of the PBS (12, Isel et al. unpublished data). Again, as in the case of utRNA 3 Lys , X2 is almost completely abolished, and a X1-like band is observed (data not shown). Therefore, two different elements which both result in the loss of extended interactions (absence of post-transcriptional modifications in the tRNA or mutations in the viral RNA) prevent the formation of the intermolecular crosslinked complex X2.
Identification of the crosslinked regions
In order to identify the intermolecular crosslinked oligonucleotides, the experiment was repeated with RNA 1-278 and the material contained in X2 was eluted and digested with RNase T1. The mixture of RNase T1 oligonucleotides was then labelled with T4 polynucleotide kinase, and the crosslinked oligonucleotides were identified by bi-dimensional gel electrophoresis (17) . Non cross- linked oligonucleotides migrate along the diagonal, while oligonucleotides arising from crosslink reversal run faster on the second direction than on the first one. This procedure is expected to release pairs of oligonucleotides arising from intra-or inter-molecular crosslinks, as well as single oligonucleotides arising from monoadducts. An example of bi-dimensional electrophoresis is shown in Figure 3 and sequence gels in Figure 4 . Two major products (A and B) located outside of the diagonal were reproducibly found in several independent experiments. Spot A corresponds to a mixture of two oligomers of tRNA 3 Lys differing by one nucleotide (nucleotides 31-51/52) and spot B corresponds to an oligomer of the genomic HIV-1 RNA (nucleotides 138-156). Note that G42, G44, G45 and m 7 G46 in tRNA and G146 in viral RNA were resistant to T1 hydrolysis. The other pairs of spots were not reproducibly observed and were present in very low amount. They correspond to unidentified mixtures of oligonucleotides. The products migrating near the diagonal probably correspond to the release of psoralen from monoadducts. It is of interest to note that the analysis of the crosslinked complex obtained with a shorter viral RNA fragment (123-217) revealed the presence of the same A and B products. This fragment corresponds to a minimal domain still keeping a complete set of primer-template intermolecular interactions (11) .
Mapping of crosslinked nucleotides
A more precise mapping of the crosslinked nucleotides was achieved by submitting the isolated X2 species, in which one of the two RNAs was labelled at one of its terminus, to statistical RNase hydrolysis and alkaline hydrolysis in order to generate a ladder. Since crosslinked products are retarded with respect to non-crosslinked products, one expects to get a gap in the ladder starting from the crosslinked position. Figure 5a shows such an analysis conducted on the isolated X2 product containing 5′-labelled tRNA 3 Lys and unlabelled RNA 1-278. The shift clearly starts after G30 in RNase T1 ladder, A31 in RNase U2 ladder, and U33 in the alkaline hydrolysis ladder. The shift obtained with tRNA 3 Lys labelled at its 3′-end is not so clearly pronounced (Fig. 5b) . However, the bands appear to be clearly reduced after U36. From these results, we can conclude that nucleotides mcm 5 s 2 U34 (S34) and the adjacent U35 in the anticodon loop of tRNA 3 Lys are crosslinking sites. Minor crosslinking involving the adjacent Us cannot completely be excluded. Figure 6 shows alkaline hydrolysis conducted on the isolated X2 band containing unlabelled tRNA 3 Lys and viral RNA 1-278 labelled either at its 3′-or 5′-end. In this case, the resolution of the RNA treated with psoralen and irradiated was low (Fig. 6, lanes  6-8) , despite numerous assays to improve it. One possible explanation for this decrease of resolution is the presence of monoadducts and possible intramolecular crosskinks which produce smearing. Despite this low resolution, the shift can be localized after C153 with 3′-labelled RNA with a rather good approximation (Fig. 6b) . From the 5′-labelled RNA, the shift can reasonably be mapped as starting between U152 and U154 (Fig. 6a) . Thus, the crosslinked residue in viral RNA is most likely U152, with some possibilities on C153 and U154. Therefore, it appears that the crosslinked nucleotides map in the anticodon loop of tRNA 3 Lys (S34 and U35) and a region upstream of the PBS in the viral RNA (UCU154).
DISCUSSION
In this study, we used psoralen to induce intermolecular crosslinking between viral RNA and tRNA 3 Lys . One specific crosslinked complex (X2) was isolated by gel retardation. This isolated species was shown to migrate as the native complex and to be competent for reverse transcription. Crosslinked nucleotides were mapped in the anticodon loop of tRNA 3 Lys (S34 and U35) and in a region of the viral RNA upstream of the PBS (UCU154) (Fig. 7) . This crosslinked species is obtained with natural Figure 5 . Mapping of nucleotides of tRNA 3 Lys crosslinked to viral RNA by retardation gel electrophoresis. (a) The complex between RNA 1-278 and 5′-labelled tRNA 3 Lys was treated with psoralen and irradiated. The crosslinked complex X2 was fractionated by gel electrophoresis and analyzed (lanes 1, 4 and 8). For comparison, uncrosslinked tRNA 3 Lys treated with psoralen and fractionated from the same gel as X2 was analyzed in parallel (lanes 2, 5, 8 amd 10), as well as untreated tRNA 3 Lys (lanes 3, 6, 9 and 11). Ladders were obtained from RNase T1 (lanes 1-3) , RNase U2 (lanes 4-6) and alkaline hydrolysis (lanes 7-9). Lanes 10 and 11 correspond to non-digested tRNAs. The nucleotide just preceding the shift is indicated by an arrow. (b) Similar experiment with 3′-labelled tRNA 3 Lys : ladders obtained from alkaline hydrolysis (lanes 1 and 2), RNase T1 (lane 3) and RNase U2 (lane 4). Lane 2 corresponds to X2 and the other lanes to uncrosslinked 3′-labelled tRNA 3 Lys .
tRNA 3 Lys but not with utRNA 3 Lys . This result provides a further demonstration that modified bases of tRNA 3 Lys are required for the formation of the extended interactions outside of the PBS (10-11). Futhermore, this crosslink is also abolished when the conserved A-rich sequence, which is base-paired with the anticodon loop in the model (Fig. 7) , is mutated. Therefore, a first implication of our results is that the formation of the intermolecular crosslink obeys very strict requirements and reflects the formation of a highly structured core. The complex formed with utRNA 3 Lys most likely forms a much looser conformation in which the anticodon of the tRNA is not invoved in intermolecular interactions. This correlates with a recent finding of Mishima and Steitz (25) who showed that U36 in the anticodon of utRNA 3 Lys is available for crosslinking with reverse transcriptase. Another important observation is that RNA 123-217 forms the same crosslink, indicating that this short RNA does contain all elements required for the formation of the structure core, as predicted by our secondary structure model of the complex (11). 3 Lys by retardation gel electrophoresis. The complex between unlabelled tRNA 3 Lys and RNA 1-278, labelled either at its 5′ (a) or 3′ end (b) was treated with psoralen and irradiated. The crosslinked complex X2 was fractionated by gel electrophoresis and subjected to random alkaline hydrolysis (lane 8). Alkaline ladders were also obtained with untreated RNA (lanes 4 and 5) and uncrosslinked RNA fractionated from the same gel as X2 (lanes 6 and 7). Sequencing ladders were obtained by submitting untreated RNA to hydrolysis with RNase T1 (lane 1) and RNase U2 (lanes 2 and 3) . The nucleotide preceding the shift is indicated by an arrow.
The present study also provides new data on the topology of the viral RNA-tRNA 3 Lys complex, that will be useful to elucidate the complex three-dimensional structure of the core region of the binary complex. Indeed, the finding that S34-U35 and UCU154 are in a close space proximity that allows crosslinking represents a constraint that will help to limit the number of possible conformations. It should be reminded that psoralens are bifunctional tricyclic photoreagents, resulting from the linear fusion of a furan ring and a coumarin (12) . The reaction proceeds in two steps. First, the planar psoralen molecule intercalates within a double helical region. Then, it undergoes covalent photocycloaddition, forming mono-or di-adducts utilizing the furan ring or/and the coumarin. Cyclobutane adducts are formed, essentially with uridines. Therefore, psoralen crosslinking can freeze helical regions or trap long-range interactions that can exist in dynamic equilibrium (12) . In most cases, psoralen crosslinks arise from the intercalation of the furocumarin ring in a helix between two base pairs involving pyrimidines in opposite strands. However, there is no complementarity between the crosslinked nucleotides and the surrounding regions of the two molecules. Therefore, the crosslink does not reflect a simple helical motif but necessarily results from more complex tertiary interactions. In the proposed model, derived from both probing experiments and sequence comparison, the crosslinked nucleotides are engaged in two different helices (helix 4 in the case of UCU154, and helix 6C in the case of S34-U35) (Fig. 7) . One possible interpretation is a close proximity between helices 4 and 6C, possibly reflecting a helix-helix interaction. As another possibility, the concerned regions may adopt alternative conformations, that can be trapped by the crosslinking reagent. This alternative conformation could be due to the formation of a triple helix resulting from Hoogsteen interactions between pyrimidines 152UCU154 and the adenine stretch of helix 6C.
This work, together with previous studies, indicates that the binary complex formed between HIV-1 RNA and its primer tRNA 3 Lys displays an unexpectedly complex and peculiar conformation. Recent findings indicate that this specific structure is required for an efficient transition from initiation to elongation during reverse transcription in vitro (12) . The fact that there is a strong selective pressure to maintain tRNA 3 Lys as a primer argues for the existence of specific features that can only be provided by this tRNA. Indeed, any attempt to change the PBS, so that reverse transcription can be primed by other tRNAs, leads to a reversal of the PBS to the wild-type sequence after several infection cycles (26) (27) . This specific structure may represent a new target for antiviral strategy.
